Objective: To determine the effects of oat products with increasing b-glucan content on the glycemic (GI) and insulin indexes (II) of oat products, and to establish the effect of physical properties of b-glucan on these physiological responses. Design: Test group (n ¼ 10) randomly attended to three glucose tolerance tests and glycemic response tests for four oat bran products. Settings: Functional Foods Forum and the Department of Food Chemistry, University of Turku, and the Department of Food Technology, University of Helsinki. Subjects: One male and nine female volunteers were recruited from university students and staff, and all completed the study. Interventions: GI and II of different products were calculated for each subject using the average of parallel glucose tolerance tests and the subsequent glycemic/insulinemic responses for each product. Average indexes for products were calculated according to the individual data. Results: The glycemic responses to oat products with increasing amounts of b-glucan had lower peak values than the reference glucose load. The amount of extractable b-glucan had a high correlation between the glycemic and insulinemic response. Conclusion: In addition to the total amount of b-glucan in oat products, the amount of extractable b-glucan in oat products explains the magnitude of the decrease in glycemic responses to carbohydrate products.
Introduction
Different carbohydrates have differing effects on the postprandial rise of blood glucose and insulin levels depending on the rate of digestion and absorption (Jenkins et al., 1981; Granfeldt et al., 2000) . The absorption of carbohydrates is affected by many factors, such as the composition of the grain (particle size, amount and type of fiber, viscosity, availability of starch and amylopectin and amylose content) and cooking/preparing methods (Hallfrisch et al., 2000) .
The glycemic index (GI) ranks carbohydrate-containing foods according to how they affect postprandial blood glucose concentrations. Most refined grain products and sugars have high GI, whereas food products have different effects on GI (Ludwig, 2002; Pawlak et al., 2004) . Insulin index (II) on the other hand, describes the effect that absorbed carbohydrates have on postprandial insulin levels (Juntunen et al., 2003) . It has been generally accepted that there is a good correlation between GI and II of a product (Laville, 2004) , but that is not always the case (Ostman et al., 2001; Flint et al., 2004) . High-GI meals raise blood glucose levels quickly and stimulate insulin secretion. The continued intake of high-GI meals is associated with an increased risk of chronic diseases such as obesity, cardiovascular diseases and diabetes (Ludwig, 2002; Bell and Sears 2003; Colombani, 2004) .
Consumption of number of grains and grain extracts has been shown to control or improve glucose tolerance and reduce insulin resistance (Hallfrisch et al., 2000) . The soluble fiber in oat, b-glucan, has been reported to modify the postprandial blood glucose responses by delaying the carbohydrate absorption (Anderson et al., 1990; Wood et al., 1994; Behall et al., 1998; Battilana et al., 2001) . In addition to stabilizing glycemic responses, other positive health effects have been attributed to the b-glucans, including reduced plasma total and low-density lipoprotein (LDL)-cholesterol, weight management and improved gastrointestinal function.
The role of viscosity of b-glucan in reducing the postprandial blood glucose levels is well documented in experimental studies (Wood et al., 1990 (Wood et al., , 1994 (Wood et al., , 2000 Braaten et al., 1991; Bourdon et al., 1999) . Wood et al. (1994) used increasing doses of pure and totally dissolved oat b-glucan to show that the oat gum decreases postprandial glucose and insulin responses. The effect of dose response on blood glucose and insulin was also shown by Tappy et al. (1996) using increasing amounts (4.0, 6.0 and 8.4 g) of b-glucan in extruded breakfast cereals. In their study, all three b-glucan levels gave a significant reduction in the GI. However, the higher doses 6.0 and 8.4 g of b-glucan showed similar GI responses (Tappy et al., 1996) . Also Wood et al. (1990) suggested that an effect on GI response may be seen if the amount and the viscosity of b-glucan are above a critical level. A 30-60% reduction in blood glucose peak can be achieved when b-glucans constitute 8-10% of the carbohydrates in cereals (Tappy et al., 1996; Jenkins et al., 2002) . The main parts of the physiological effects of oat soluble fiber b-glucan are due to the increase of viscosity. The sufficient dose of b-glucan is important, but not enough to ensure the physiological effects. Only soluble b-glucan is able to increase viscosity of gastrointestinal content. Increased viscosity of the digest may prevent the digestion of carbohydrates and may delay or prevent the absorption of available carbohydrates (Jenkins et al., 1978) . Therefore, the solubility and viscosity of b-glucan on the test products used in the study are highly important for glucose responses and maybe also for insulin responses.
The present work aimed at studying the effects of different doses of b-glucan on the GI and II of oat products, and also to determine the effects of physicochemical properties, extractability and viscosity of b-glucan on the physiological responses.
Materials and methods

Subjects
Ten healthy volunteers (one man and nine women) were recruited from The University of Turku and Turku Vocational Institute campus. Inclusion criteria were: normal health in a health status inquiry, normal glucose tolerance in the first oral glucose test and no long-term medication known to affect glucose metabolism. Mean age was 26.274.3 years and mean body mass index (BMI) was 22.172.0 (mean7s.d.) . The Medical Ethics Committee of the University of Turku approved the study and all volunteers gave written informed consent.
Study design
The subjects attended university research facilities on seven separate occasions over a 2-month period. Four oat bran products were tested and three parallel oral glucose tolerance tests (50 g glucose in 300 ml water) were performed for reference. Randomization was applied to all of the test products and glucose loads; each subject consumed different products each week.
Glucose tolerance tests
Before each test, the subjects fasted overnight, for at least 8 h, during which, water consumption was limited to 2 dl. A standardized meal (two pieces of rye crisp, one slice of soft cheese, 1 dl of oatmeal, small cookie and an apple or a pear) was eaten for supper before each fast. The subjects were also instructed to avoid strenuous exercise and excessive alcohol consumption 2 days before each test occasion. On the morning of each test, finger-prick capillary blood samples were collected to determine baseline glucose levels. Ten minutes were allowed for the test foods to be eaten and over 2 h following the start of each test drink, 0.5 ml capillary finger-prick blood samples were collected at 15, 30, 45, 60, 90 and 120 min. To enhance peripheral blood circulation to the fingers before sampling, some subjects warmed their hands on hot water bottles or under running warm water. Blood samples were taken using a Medlance device (GreinerBio-One, Kremsmünster, Austria), collected into 0.5 ml microcentrifuge tubes coated with lithium-heparin (MiniCollect, Greiner-Bio-One, Kremsmünster, Austria) and immediately centrifuged at 6000 r.p.m. for 5 min. The plasma was removed and stored at À701C for later analysis.
Test meals
Four oat bran products, with three different amounts of bglucan (Table 1) , were tested. The oat bran was served mixed in water. Test drinks were prepared by mixing oat bran (GI-Trim, E03DGIJ1, 29032004, Suomen Viljava Oy), oat starch (01T2101, 23052001, Suomen Viljava Oy), with 41 g of glucose and 4 dl water. The glucose was solubilized to hot water before mixing. The amount of added oat bran was 15, 30 or 45 g in a serving, and it included 3, 6 or 9 g of starch, respectively. Oat starch was added enough to a serving to achieve the 50 g of total available carbohydrates. The bglucan amount in the drinks rose according to the oat bran added: 2, 4 and 6 g. The product containing 4 g of oat bran was prepared twice and one of them was frozen for 13 days and thawed before consumption, to study the impact of freezing on the viscosity and GI. According to Beer et al. (1997) , freezing may have influence on the solubility of b-glucan.
Test meals were served with 1 dl of water, but with the frozen meal another dl was allowed owing to the sticky structure of the meal.
Extraction method of soluble fiber Soluble fiber was extracted from test drinks by enzymatic digestion using earlier published methods (Anttila et al., 2002 (Anttila et al., , 2006 . The extraction procedure was based on an effective enzymatic extraction of samples to remove starch and protein. Sample amount corresponding to 150 mg of bglucan was weighed to the 50 ml centrifuge tube and 20 ml of phosphate buffer was added. Suspensions were incubated for 2 min in a 1001C water bath before 1 ml heat stable amylase (thermamyl, 300 l) was added and incubated 30 min in boiling water bath with four shaking intervals. Sample solution's pH was adjusted to pH 2.0-2.5 with 4 M HCl and 2 ml pepsin solution (5 mg/ml in 0.9% NaCl solution) was added. The samples were incubated in a 371C water bath with constant shaking for 30 min. After pepsin incubation, pH was adjusted to 6.9 with 2 M NaOH and 2 ml pancreatin solution (18.8 mg/ml in 150 mM NaHCO 3 solution) and 1 ml bile acid solution (150 mg/ml 150 mM NaCO 3 ) was added and incubated in a 371C water bath with constant shaking for 90 min. Total extraction time was 2.5 h. Sample suspensions were centrifuged at 17 000 r.p.m. for 10 min to separate the soluble fiber extract. The apparent viscosity of soluble fiber extract was measured at different concentration levels. The concentration in the soluble fiber extract was based on the b-glucan content in the extract. The extract was vacuum concentrated to reach the different concentration levels. The apparent viscosities of the sample extracts were determined using a rotational rheometer (RS 600, Haake), at 301C with cone and plate sensors (21C, 35 mm diameter) in the shear rate range 0.3-400 s
À1
. The extraction and measurements were made at least in duplicate for each sample.
b-Glucan content
The b-glucan content of dried samples, sample extracts and suspensions were analyzed according to the AACC method 32-23 (AACC 2000) using a b-glucan assay kit (Megazyme International Ireland Ltd, Bray Business Park, Bray, Ireland). For this analysis, the sample extracts (stored frozen at À201C) and test samples were precipitated by 50% (v/v) aqueous ethanol. The b-glucan content of the concentrated soluble fiber extracts was calculated taking into account the amount of water evaporated. Solubility of the b-glucan was percentage of extracted b-glucan of total b-glucan in the sample material.
Carbohydrate determinations
Carbohydrate content (starch) of the test products was analyzed using commercial enzymatic hexokinase assays (Boehringer Mannheim, R-Biopharm, Darmstadt, Germany), and the serving sizes, with 50 g of available carbohydrates, were calculated according to these results.
Plasma glucose and insulin analysis
Plasma glucose and insulin concentrations were analyzed at the laboratory of Turku University Hospital. Glucose from plasma samples, stored at À701C, were analyzed using enzymatic hexokinase assay (Roche, Modulator B Analysator). Insulin concentrations were analyzed using immunological electrochemiluminosens technique (ECLIA) (Roche, Modulator E Analysator). The laboratory has an accreditation for both of the methods.
Calculation of GI and II GI and II were defined as the area under the glucose/insulin response curve after the consumption of 50 g of carbohydrates from a test food divided by the area under the curve after consumption of 50 g of carbohydrates from a control food, either white bread or glucose (Ludwig, 2002) . The incremental areas under the plasma glucose and insulin curves (iAUC) were determined for each food according to standardized criteria (FAO/WHO, 1998), ignoring any area below the baseline. The average iAUC of the three glucose tolerance tests was used as the reference value and each subject's individual GI and II for each food was calculated. The indexes for each food were taken as the average of all 10 individual values.
Statistical analyses and methods Clinical tests. Statistical analyses were performed with the SAS/STAT software, Version 9.1.3 of the SAS System for Windows (r SAS Institute Inc., Cary, NC, USA). The two data sets were analyzed separately. During the modeling, six outliers were detected and thus removed from the model. The statistical models used were linear mixed models, where Effect of b-glucan on the GI and II H Mäkeläinen et al the product was a fixed factor and the within-subject correlation was accounted for with random subject effect with compound symmetry covariance structure. All pairwise comparisons were calculated using least-square means and adjusted with Tukey's method. P-values less than 0.05 were considered as statistically significant. Statistically significant differences between measurement parameters and samples were verified with one-way analysis of variance using the Statgraphics Plus Program for Windows (StatPoint Corporate Center, Englewood Cliffs, NJ, USA). The Tukey's honesty significant differences (HSD) multiple range tests used to determine the differences between group means at the 95.0% confidence level.
Results
The glycemic responses to oat products with different amounts of b-glucan had lower peak values than the reference glucose load (Figure 1 ). The products with 6 and 2 g of b-glucan induced the highest glucose peaks at 15 min, whereas the products with 4 g of b-glucan (unfrozen and frozen one) had the lowest responses at the same time point. The response curves of oat products decreased towards baseline more gradually than the average glucose curve. The glycemic responses to all four products at 120 min were above fasting values.
The insulin responses to oat products had more variability, than what was observed in postprandial glycemia (Figure 2 ). All oat products had lower peak values again than those of the glucose load, and at 120 min, insulin concentrations were above fasting values as well. The products containing 2 g of b-glucan had the highest insulin responses at 15 min, and at most other time points as well, whereas the curve for the product with highest amount of b-glucan, 6 g was lowest at many time points. The shape of the response curve of the frozen test product looks different than those of the other products.
The GI and II were calculated according to the response curves presented below and the iAUC and the results are shown in Table 2 . The product containing 4 g of b-glucan had the lowest GI 58.376.0 (mean7s.e.m.) and the product containing 2 g had the highest index 83.776.1. The frozen product and the product containing 6 g of b-glucan had similar GIs: 64.378.4 and 63.678.5, respectively. The GI (iAUC) of the oat product containing 2 g b-glucan differed significantly (P ¼ 0.03) from that of the oat product containing 4 g b-glucan (unfrozen).
The II was lowest for the frozen product containing 4 g of b-glucan 41.878.3, highest for the 2 g product 75.079.8 and from between for products with 4 and 6 g of b-glucan 57.679.7 and 51.179.1 (Table 2 ). Freezing of the product decreased the II, but increased the GI when compared with unfrozen product with same amount of b-glucan. Differences of II between the products were not statistically significant. Table 3 shows the extractability of b-glucan in oat products used in the study. The extractability decreased with increasing amount of b-glucan in the sample. The amount of extracted b-glucan per serving size of the oat product was Table 3 . Frozen stored oat product (13 days, À201C) showed no significantly lower extractability of b-glucan than the oat product analyzed fresh, but slight tendency of lower extractability was seen. The amount of extractable b-glucan in oat products (test drinks) showed high correlation with GI values (Figure 3) . The apparent viscosity of soluble fiber extract was similar in all oat products as expected, reflecting the similar molecular weight of b-glucan. Similar viscosities of the oat products proved that preparation of test drinks had no effect on viscosity of b-glucan, and ingredients in the product did not contain the b-glucanase enzyme activities. All the products contained same oat bran and processing conditions, therefore it was expected that the products had similar viscosities at the same b-glucan content in the solution. These results showed that 13 days freezing storage has no effect to the viscosity of b-glucan.
Discussion
The oat bran fiber of the oat products slowed down the carbohydrate absorption in the intestine and the release of glucose into the bloodstream. The subsequent insulinemia was reduced as well, as the responses to oat products were lower than the responses to glucose load with similar amount of available carbohydrate. However, the insulin responses fluctuated and the magnitude of postprandial insulinemia was not predictable from the GI value, as different products had the highest and lowest GI and II. Although the product with 4 g of b-glucan had the lowest GI, it induced much greater insulinemia than the frozen product, which on the other hand had a higher GI. The inconsistency between GI and II is in line with previously published results (Flint et al., 2004) .
Insoluble fibers have no significant effect on viscosity, whereas water-soluble oat b-glucans exert their effects mainly by increasing viscosity in the small intestine. In the intestine, oat b-glucans absorb fluids and contribute to viscosity during digestion, resulting in an extended digestion period. When digestion is delayed, blood sugar increases more slowly, causing a low insulin response. The effect has been established (Jenkins et al., 1978; Battalana et al., 2001) , but the way of actions causing the effect is not fully understood. One hypothesis is that in the intestine, food is 'incorporated' in the viscous oat b-glucan solution making it more difficult for enzymes in the intestine to degrade the food components and causing longer digestion. Another hypothesis is that oat b-glucans form a protective layer along the intestinal wall that acts as a viscous barrier or unstirred layer, slowing absorption of nutrient from the intestine. Viscosity is thus a key to functional properties of oat bglucans. In the intestine, b-glucan absorbs fluids and adds the viscosity during the digestion period.
Freezing of one of the products did not affect significantly the glycemic response, when compared to same fresh drink containing 4 g of b-glucan, although the shape of the response curves of glucose and insulin seem to be different. According to Beer et al. (1997) , during frozen storage at À201C, extractability of b-glucan decreased more than 50% in eight weeks. Decrease in extractability was seen during the long time freezing, whereas in our study the freezing time was only 13 days and we also saw a slight but not significant decrease in extractability.
The shape of the apparent viscosity curve of the soluble fibers in oat drinks were similar, referring no changes in molecular weight of b-glucan. Recently, b-glucan solution in high concentrations (up to 6% w/v) was found to form cryogels during freezing-thawing steps (Lazaridou and Biliaderis, 2004) . Cryogels are insoluble soft precipitates and the strength of b-glucan cryogels increased with increasing molecular weight. These kinds of physical changes occur in concentrated or dilute solutions of many other polymers too. Amylose and amylopectin may form cryogels during freezing, frozen storage or thawing (Lozinsky et al., 2000) . These steps increase the formation of physical crosslinked and non-covalent network into the cryogels (Lozinsky et al., 2000) . Cryogelation of aqueous amylase and amylopectin in our oat drink during freezing could be one explanation for slower glucose rise in frozen oat drink. The similar viscosities of b-glucan between our oat drinks referring no cryogelation of b-glucan in our oat drink during freezing.
In our study, the reduction of GI per 1 g of b-glucan was more considerable than what has been reported in earlier Effect of b-glucan on the GI and II H Mäkeläinen et al studies. When the dose from the oat product was 2 g of bglucan ingested with 400 ml of water, the decrease in GI was 7 U/1 g of b-glucan, 4 g dose of b-glucan resulted in decrease of 10.5 U/1 g, but decrease of only 5 U/1 g was observed when dose was 6 g b-glucan from the test meal. Jenkins et al. (2002) found a 4.070.2 U decrease in the GIs of test foods when increasing b-glucan by 1 g in a portion providing 50 g available carbohydrate. They also calculated an average decrease of 3.8 GI units per 1 g increase in b-glucan from studies reported in the literature (Jenkins et al., 2002) . Earlier, Tappy et al. (1996) reported a linear decrease in 4 h AUC when increasing b-glucan dose (4.0-6.0 g b-glucan, 35 g available carbohydrate in each test dose) (Tappy et al., 1996) . A 30-60% reduction in blood glucose peak can be achieved when b-glucans constitute 8-10% of the carbohydrates in cereals (Tappy et al., 1996; Jenkins et al., 2002) . We found no linearity with the increasing dose of total amount of b-glucan and GI. Test meals of Jenkins et al. (2002) contained 300 ml water, and in addition to the test meal, they offered a further 250 ml of a beverage. Thus, their b-glucan doses of 7.3 and 6.2 g were diluted in 550 ml water and produced total concentrations of 13.3 and 11.3 g b-glucan/l whereas our doses were 4, 8 and 12 g b-glucan/l when serving the unfrozen samples (oat product mixed with 400 ml of water and 100 ml served after the oat drink) and 6.67 g b-glucan/l when serving the frozen product with the additional 100 ml water portion. Consequently, the change of GI we found with our highest dose 12 g b-glucan/l is rather close to that for the dose 13.3 g/b-glucan/l reported by Jenkins et al. (2002) .
The extractability of b-glucan affected significantly the calculated indexes; there was a high correlation between the GI values and amount of extractable b-glucan per serving. In our study, the highest amount of soluble b-glucan was found in the product, which contained 4 g b-glucan in 400 ml water, and the amount of soluble b-glucan predicted the GI of the product. When the dose was 6 g/400 ml water, the amount of soluble b-glucan was only 1.0 g, whereas in the 4 g products there were 1.2 g of soluble b-glucan. This raises a question about the relationship of b-glucan and water with special attention put to the solubility of b-glucan.
Other components of oat bran high in b-glucan (Natureal GI) may have affected the glycemic and insulinemic responses and caused the fluctuation of the indexes. Oat contains at least phytic acid, phenolic compounds and phytosterols (Peterson, 2001) , which are antioxidants but may have an effect on the permeability of the intestine as well (Onning and Asp, 1995) . Although we standardized the amount of oat starch, we could not standardize the amount of other components. Also, the physical state of the oat starch may have been different in test drinks as the oat product was extruded, but the starch added to the test drink was not. In the study of Dust et al. (2004) , only extreme extrusion increased the amount of resistant starch and shortchain fatty acid production in in vitro fermentation and only a portion of the starch was modified. The maximum amount of extruded starch, 9 g in our test drink containing 6 g of b-glucan, is about 20% of the carbohydrate given to the test persons.
The fat and protein present in the oat product could have affected the insulin responses too. When the amount of b-glucan fraction was increased in the test drinks, the amount of protein increased as well: the oat product used in the test contained protein 25/100 g of oat bran, the protein content in our test drinks were 3.75, 7.5 and 11.25 g. Parcell et al. (2004) demonstrated that insulinemic responses to a 30 g of protein load were of similar magnitude than responses after a 50-g oral glucose load, although glycemia was not observed after protein load (Parcell et al., 2004) . With regards to fat fraction, a recent study of Wuesten et al. (2005) shows a significant increase in glucose-stimulated insulin secretion after an oral fat load (Wuesten et al., 2005) . Therefore, it may be possible that the increasing amounts of protein and fat in different test drinks could have affected the magnitude of insulin responses and caused the conflict between glycemic and insulinemic responses. Another factor that could explain the fluctuation of the insulin responses is the pulsatile manner of insulin secretion (Porksen, 2002) . The short half-life of insulin, approximately 3 min or less under normal conditions, may even potentiate the effect of variation in secretion. According to Steiner (2004) , measurements of immunoreactive C-peptide release has been proven to be highly useful as an independent measure of insulin secretory rate in vivo in humans (Steiner, 2004) . The efficiency of C-peptide measurements should be assessed also in b-glucan studies.
In conclusion, this study showed that by increasing the amount of extractable fiber, the glycemic and insulinemic response were lower, the extractable b-glucan was the most important factor in GI dose-response study. Oat bran high in b-glucan can be incorporated into a wide variety of innovative food products and have beneficial health effects. Attention should be paid into amount of extractable b-glucan, not to the total amount of b-glucan.
